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- L Intfdduction .

The' 1”)resent report summan'zesnlthe work, under the support of .the AFOSR Grant
AFOSR-F49620-01-1-0392, conducted during the period from June 1, 2001 to May 31,
2004. This research prbgrém carried out basic research on the physicél issues related fo
the generation of atmospheric pressuré plaémas and to explore the engineering merits of
“Torch Plasmas” for aerospace applications.

Plasmas in most of acrospace applications are required to be exposed directly to the
atmosphere. Therefore, there are considerable interests in the development of plasma
sources having open structures. Most of the applications also require plasmas to be dense
and in large volumes. Dense atmospheric-pressure plasma can be produced through dc or
low frequency discharge operating in the high current diffused arc mode, such as a
plasma torch?, which introduces a gas flow to carry the plasma out of the discharge
region. The inertia of the gas flow carries the plasma to give rise a longer discharge
current path, which increases the plasma volume as well as lifetime, and thus, reduces the
power budget considerably. The volume of a single torch is generally ;restricted by the
gap between the electrodes, which is, in turn, limi'ted by the available voltage of the
power supply. A simple way to enlarge the plasma volume is to light an array of torches
simultaneously”. The torches in an array can be arranged to couple to each other, for
example, through capacitors. In doing so, the number of power sources needed to operate
the array can be reduced considerably, so that the size of the power supply can be
compact for the practical reason. The installation of an array of plasma torches is made
easy by introducing a cylindrical-shape plasma torch module®* as a building block, which
simplifies the design of a large volume plasma source and also makes easy to the
maintenance of the source. Different aerospace applications require different plasma
characteristics. For example, plasma rampart application prefers low-temperature and
high-density plasma in large volume’; on the other hand, high-energy plasma jet is
required to be an effective igniter in the scramjet engine®”. For the mitigation of shock
wave, plasma has to be generated symmetrically in front of the shock front'°.

Among the works that have been accomplished, the development of a plasma

torch into an ignition aide in the scramjet engine is the most noticeable effort. For the



:'hydroczirbbniﬁieledﬂscré‘mjet in ét}&)iéal startup scenario, cold liquid JP-7 is injected into
a Mach-2 air crossflow _(having a static temperature of ~ 500 K); under these é('),nditioh's,: R
the fuel-air mixture 'will not auto-ignite. Thus some ignition aide, for example, plasma
torches that can deliver enough heat to the mixture to reduce the. 1gmt10n delay tlme and '
to increase the rate of combustlon is necessary to 1n1t1ate main-duct combustlon '
In November 2002, experiments to study the ignition of hydrocarbon fuel by our
60-Hz torch plasma have been conducted in a supersonic (Mach-2) flow facility, at
Wright-Patterson Air Force Research Laboratory. The experiment was carried out jointly
with Cam Carter, Lance Jacobsen, and Skip Williams of AFRL. This scramjet test cell in
Wright-Patterson is capable of heating the air to about 750 K and does not include a
cavity-based flame-holder in the simulated scramjet combustor duct. Tests have been
conducted using gaseous ethylene fuel with the 15-deg downstream-angled single-hole
and aero-ramp injectors. Substantial flame plume has been observed. This is illustrated in
Fig. 1.1, which shows two still shots from video recordings of flame plumes having fuel

injected by (a) single-hole injector and (b) aero-ramp injector.

(2)

Fig. 1.1 Flame plume ignited by 60-Hz torch plasma with fuel injected by (a) single-hole injector and (b)
aero-ramp injector.

The experimental results showed that our air plasma torch ignited a stoichiometric
C,H4/O, mixture at Mach 2.5. Torch plasma penetrated deeply into the combustor as
anticipated. This advantageous feature offers nonlocal ignition, which helps to reduce the

ignition delay.
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IL. Summary of Work Accomplished

A brief description of results of the research effqrf is given in the following. Thé
published articles have been or will be sent to the program manager Dr. Barker by the

regular mail for providing detail description of accomplished works.

1. Plasma effect on shock waves in a supersonic flow

An experimental study of the plasma effect on the structure of an attached conical
shock front appearing at the front end of a cone-shaped model has been carried out in a
Mach 2.5 stream. The tip and the body of the model are designed as the cathode and
anode, which are separated by a conical-shaped ceramic insulator providing a 5-mm gap
for gaseous discharge. The tip is shaped to match the cone angle of the wind tunnel
model. It turns out that the sharp tip also works to enhance the electric field intensity in
the region in front of the tip. Moreover, the tip of the model is arranged as the cathode. -
This arrangement together with the favorable electric field distribution make electron
current in the discharge much easier to pass through the shock front into the upstream
(lower pressure) region before returning to the body of the model as the anode. Plasma
produced by the electric discharge in the upstream region can have a symmetric

distribution around the tip as seen by its airglow image shown in Fig. 3.1.1a.

Fig. 3.1.1 (a) Plasma produced in front of the model with a symmetric distribution around the tip of the
model and (b) the shadowgraph of the flow field showing strong plasma effect on shock wave.

It is observed that such plasma can cause shock wave to move upstream with its
shock front detached from the model. The shock front is also becoming more and more
diffusive and having an increasing shock angle as seen in a shadow video graph of the
flow presented in Fig. 3.1.1b. A physical mechanism of the observed plasma effect on

this type of shock wave is also presented.



| ~.2.Observation of supersonic shock wave miﬁgation iiy a plaéma aero-spike .

' A wind tunnel model in the shape of a 30° half-angle truncated cone is designed to
'genérate a strong bow shock behind a weak Mach wave, attached to the tip of a
protruding central-electrode, in a non-ionized supersonié flow as shown in Fig. 3.2.1a.
This model is also facilitated with an on-board discharge arrangement to produce plasma'
between two wa\}es as shown in Fig. 3.2.1b. The result presented in Fig. 3.2.1c -
demonstrates that the introduced plasma spike can drastically modify the original
complicated shock structure shown in Fig. 3.2.1a to the simple structure of a single
conical shock shown in Fig. 3.2.1c. A significant drag reduction in each discharge was
measured; the result as presented in Fig. 3.2.2 indicates that this plasma spike reduced
energy loss more than the applied electric pulse energy, leading to a net energy saving.
The measurements also showed that the gas temperature increase near the cone surface
was less than 10 % during the discharge and the plasma effect on shock structure lasted

much longer than the discharge period.

(@)

Fig. 3.2.1 (a) A baseline Schlieren image of the flowfield in the absence of plasma; (b) Cone-shaped
plasma as a plasma spike produced in front of the nose of the model with a symmetric distribution around
the physical spike and (c) a Schlieren image of the flowfield in the presence of the plasma spike showing
strong plasma effect on shock wave. ’
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Fig. 3.2.2 Pressure measurements (top and middle plots using the vertical scale to the left side) by
transducers placed on the frontal and cone surfaces of the model; temperature measurement (bottom plot
using the vertical scale to the right side) by a thermocouple probe placed on the cone surface.

3. A magnetized torch module for plasma generation

Remodeling components from two commercially available spark plugs and
adding tungsten wire as the central electrode construct a cylindrical-shape magnetized
plasma torch module. A ring-shaped permanent magnet is used to provide an axial
magnetic field. This magnetic field is in the (axial) direction perpendicular to the
discharge electric field (in the radial direction). It rotates the discharge by the JxB force
around the electrodes (in the azimuth direction) and thus, enhances the strength (e.g.,
density and allowable gas flow speed) and stability (e.g., of the shape) of plasma
produced by the module, and the lifetime of the electrodes by avoiding discharge at a
fixed hot spot. Shown in Fig. 3.3.1a is a photo of torch plasma produced by this new
module. A photo of unmagnetized torch plasma is presented in Fig. 3.3.1b for
comparison. The first noticeable difference between these two is their sizes. The volume
of magnetized torch plasma is evidently larger. The evenly distributed bright spots
around the base of magnetized torch demonstrate the rotation of the discharge by the
magnetic field, which helps to optimize the torch volume. The electric properties of this
magnetized torch module are studied and compared with those of the unmagnetized one.

This module is designed as a unit of a torch array for plasma generation. An array

of four torches is demonstrated in Fig. 3.3.2.
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Fig. 3.3.2 A photo of four plasma torches produced by a portable array.

4. Electric discharge in the presence of supersonic shocks

A cone-shaped shock wave generator is placed in a Mach 2.5 flow to generate a
conic shock attached to its tip. The interaction of on-board 60 Hz pulsed discharge with
this shock wave is investigated by means of the spatial distribution and temporal
evolution of discharge-induced airglow imaging.

During several wind tunnel runs we observed the destabilization of the flow by
the introduced plasma. The shadowgraph in Fig. 3.4.1a shows the appearance of a
diamond shock during the run, while shock wave in front of the model is being strongly

perturbed by plasma. In the graph, the flow is from left to right. In the absence of plasma,
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the upstream flow (in front of the unperturbed shock waves) had a flow speed v = 570
m/s and a pressuré p1 = 1.8x10* N/m®. This diamond shock structure moves downstream.
as shown in the subsequent three .shadowgraphs presented in Figs. 3.4.1b to d. This
sequence of shadowgraphs also shows that shock wave in front of the model starts to

recover after the diamond shock has passed the tip of the model.

Fig. 3.4.1 A sequence of shadowgraphs showing sudden appearance of a diamond shock and its temporal
evolution during a wind tunnel run. (a) A diamond shock is formed in the upstream region while the shock
wave in front of the model is severely perturbed by the plasma, and (b) to (d) diamond shock has passed the
tip of the model and the shock wave in front of the model is recovering.

Because the discharge was conducted in the region where shock wave appeared,
the stability of the flow together with the temporal variation of the shock wave structure
were expected to have a strong influence on the discharge. Indeed, as expected When the
flow became unstable due to the plasma perturbation, the oscillation of the shock front
position could also destabilize the discharge, as observed in the airglow images recorded
by the video camera during the runs. The manifestation of relaxaﬁon instability in the
discharge is exposed in Fig. 3.4.2 by a consecutive time sequence of eight video graphs
showing two cycles of the temporal evolution of the discharge. In the first cycle covered
by Figs. 3.4.2a to d, the discharge starts with constricted arcs (Fig. 3.4.2a). This
constricted arc mode suddenly changes to a glow mode producing a diffused glow (Fig.
3.4.2b), which then evolves back to constricted arc mode (Fig. 3.4.2d) through a diffused
arc-glow transition (Fig. 3.4.2c). Figs. 3.4.2e to h repeat the cycle of the discharge
starting from a diffused glow (Fig. 3.4.2¢) and changed suddenly to constricted arcs (Fig.
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~3.4.2f), which then evolve through a diffused arc-glow transition (Fig. 3.4.2g) back to.a
- diffused glow (Fig. 3.4.2h). ' . ‘ C

Fig. 3.4.2 Relaxation instability in the discharge. (a) to (¢) A cycle showing that the discharge evolves
from constricted arcs to a big diffused glow, and then evolves back to constricted arcs through a glow-
diffused arc transition, and (e) to (h) showing a repeating one and half cycles of the evolution of the
discharge.

5. Operational Characteristics of a Periodic Plasma Torch

Development of a plasma torch, which is intended as an ignition aid within a
supersonic-combustor, is studied. The plasma jet generated by a torch module is
described by the voltage-current characteristic of the discharge and through imaging of its
plume in a quiescent environment and in a supersonic crossflow. This torch system, with
its high voltage discharge, can be operated in periodic (60-Hz) or pulsed modes,
depending on the power supply used. In the 60-Hz mode as presented in this work, the
capacitors are charged at the line frequency of 60 Hz, resulting in a cyclicai discharge. In

this mode, the cycle energy is up to 46 J. However, this energy is mainly limited by the
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power handling capability of the power supply. Within the Mach-2.5 supersonic flow,
which approximates the supersonic-combustor startup condition (vis-a-vis the crossflow
velocity), the penetration height and the volume of torch plume into the crossflow vs. gas
supply pressure and plasma energy are determined.

As a consequence of the high-voltage nature of the discharge, the arc loop can be
many times the distance between the anode and cathode. This is illustrated with the
instantaneous image in Fig. 3.5.1, which was recorded with an intensified CCD camera (a
Roper Scientific PIMAX) set for an 80 ns exposure time. The current loop is coincident
with the thin, intense emission loop shown in the figure. For this measurement, pure
nitrogen with pressure of 1.7 atm was supplied to the torch module. The distance between
the cathode (at the center of the base line) and anode spot (on the left-hand side of the
cathode) is about 7.5 mm, whereas the vertical extent of the arc loop is about 5 cm. Such
an extended arc loop increases the path length of the charge particles in the discharge by
more than 15 times the direct path length from the cathode to the anode spot. It has the
advantages of improving 1) the lifetime of plasma (by reducing the transit time loss), 2)
the lifetime of the electrodes (by reducing charge particles’ kinetic energy before hitting
electrodes), and 3) the conversion of electrical energy to plasma energy. Note also that
images such as this one indicate that while the length of the arc loop is not strongly
sensitive to the flow rate, the width of the loop becomes narrower as the flow rate
increases. This is consistent with the change in the flowfield structure as the jet becomes

underexpanded and supersonic with increased supply pressure.

Fig. 3.5.1. Planar image of an arc loop in torch
plasma taken by an intensified CCD camera with
an 80-ns exposure. The diffuse emission
surrounding the arc loop is from NO laser-
induced fluorescence.
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Figure 3.5.1 also shows a less intense laser-induced fluorescence (LIF) from nitric
oxide, NO. The LIF is best seen in the background on the left side of the figure towards
the outer portion of the arc loop. NO is produced within the torch plume in the region
where the hot torch gas—particularly that gas near the arc—mixes with air. Thus, NO is
formed primarily near the outer-portion of the arc loop. Here, we employed a Nd :YAG-
pumped dye laser system to generate laser radiation at 226 nm and couple to the
overlapped Q;(12.5) and Q,(19.5) transitions in the 8(0,0) band of NO.

The time varying voltage V and current I of the discharge was measured using a
digital oscilloscope (Tektronix TDS3012 DPO 100 MHz and 1.25 GS/s) for each supply
pressure po in the range from 1.2 atm to 7.6 atm. Presented in Fig. 3.5.2a is a V-I
characteristic plot from the results obtained in the case with the supply pressure of 6.67
atm. As shown, discharges are in the arc mode in both half cycles. In addition, significant
hysteresis effects are observed in the half cycle when the central electrode is positive.
The asymmetry of the V-I curve is due to the physical difference between the electrodes.
The applied electric field concentrates in the region near the central electrode due to the
cylindrical geometry, and this is where the discharge nofmally initiates. When the central
electrode is positive, it collects electrons produced by the discharge. The transit-time loss
of electrons increases the breakdown voltage considerably. After the discharge starts, it
evolves quickly to the high-current low-voltage arc mode. In this regime the breakdown
voltage drops dramatically to a value determined by recombination/attachment losses,
rather the transit-time loss. It is the transition of the breakdown voltage during the
discharge from transit-time losses to recombination/attachment losses that bifurcates the
V-I relation to form the hysteresis loop shown on the right hand side of Fig. 3.5.2a. In the
reverse cycle, the ring electrode collects electrons resulting in an insignificant transit time
loss. In this case, the breakdown voltage is mainly determined by the
recombination/attachment losses in the entire discharge period. This mechanism could
explain the smaller hysteresis loop on the left-hand side of Fig. 3.5.2a.

The product of the V and I functions gives the instantaneous power function. The
result in one cycle is presented in Fig. 3.5.2b. As shown, the one having a larger peak of
about 8 kW is the power function of the discharge lasting about 5 ms with the diode in

the circuit forward biased. In the reverse bias bhase, the discharge lasts longer at about 6

14



ms, but the peak power is reduced to 5 kW. The average power of the torch over one
cycle exceeds 2.7 kW. It is noted that the added diode in the circuit serves to reduce the

voltage requirement of the transformer output for reliable discharge.
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Integrating the power function over one cycle determines the cycle energy of the
torch, i.e., the thermal energy carried by torch plasma in each cycle. The results show that
this cycle energy varies with the pressure po. The dependence is presented in Fig. 3.5.3.
As shown, in the regime of subsonic flow, the cycle energy increases to the maximum of
about 28 J at pp = 2.4 atm. It increases again in the supersonic flow regime and reached
the maximum of about 46 J at py = 6.4 atm. The transition of the flow property from
subsonic to supersonic results to a dip at po = 3 atm in the plot. Excluding the dependence
in the region 2 <po < 3 atm, the cycle energy of the torch increases with the increase of
the flow rate (i.e., the supply pressure po of the module) before reaching the largest peak

located in the region 5.4 < py < 6.4. The increasing dependence of the plasma energy on

the flow rate in the region of lower pressure (i.e., po < 6.4 atm) is realized because the
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supplied gas flow works to increase the transit time of charge particles by keeping the
discharge away from the shortest (direct) path between two electrodes. As the flow rate
increases, the transit time loss of charge particles is reduced. An increase of the current
path also tends to increase the effective resistance in the discharge. Thus the discharge
voltage increases, as observed in the forward bias phase. Consequently, the plasma
energy increases. However, when the flow rate becomes too high (i.e., po > 6 atm), the
mobility of charge particles crossing the flow becomes significantly affected by the flow.
It reduces the discharge current, which leads to the decreasing dependence of the torch

energy on the pressure for po> 6 atm.

50

30

E{)

Fig. 3.5.3 The dependence of the cycle energy E of the torch plasina on the backpressure.

In summary, we have significantly improve the performance of the modular
plasma torch—which alone, or in an assembly of torches—is intended as an ignition aid
for a hydrocarbon-fueled scramjet engine. Two principal advantages of this torch module
are 1) that it is a compact design based on conventional components and 2) that it is
durable running for long periods of time with an air feedstock (but no addition cooling).
The peak and average power can reach 8 kW and 2.8 kW, respectively, and the maximum
cycle energy is 46 J. The other notable features of the plasma torch design particularly
relevant to the intended application are 1) the relatively large gap between electrodes,
resulting in a high-voltage discharge, and 2) the ceramic insulator inserted between the
electrodes, allowing the discharge to take place outside the module. As a consequence of

these design features, this torch module produces plasma directly in the open region,
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maximizing the plasma gas feedstock interaction volume. These features are different
from discharges produced in conventional non-transferred dc plasma torches. Excellent
penetration of the plasma torch plume into a Mach 2.5 crossflow was demonstrated in
early work. This aspect is important for supersonic combustion applications where

injection and mixing are critical issues.

6. Conditions and a physical mechanism for plasma mitigation of shock wave in a
supersonic flow

Wind tunnel experiments show that plasma generated by on-board discharges can
significantly weaken the shock wave generated in front of a 30° half-angle truncated-cone
model placed in a Mach 2.5 flow. Experimental results indicate that significant plasma
effect on shock wave appeared only when two conditions: 1. plasma was generated in the
region upstream of the baseline shock front and 2. plasma had a symmetrical spatial
distribution with respect to the axis of the model, were met. Experimental results also
exclude the thermal effect as a possible cause of the observed shock wave mitigation. A
physical mechanism of the observed nonthermal plasma effect on shock waves is
discussed. Analysis shows that a symmetrically distributed plasma spike in front of the
shock as shown in Fig. 3.6.1 can effectively deflect the incoming flow symmetrically.

The required electron density of the plasma spike is estimated.

/N
..\\\\\\Wf///,m...

Fig. 3.6.1 Flux distributions of the incoming flow (left), the deflected flow (middle), and the electron flow
(right) representing a plasma spike. x and y axes are in the horizontal and vertical directions
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7. Characteristics of an arc-seeded microwave plasma torch

The design and operation of a portable microwave plasma torch is presented. An
arc plasma torch running at 60 Hz and generated by a torch module, which is installed on
the bottom wall in the narrow section of a tapered S-band rectangular cavity, is used to
seed the microwave discharge at the location, where the microwave electric field is the
maximum. This tapered cavity is designed to support TE;o3 mode. With seeding, only low
Q cavity and moderate microwave power (time average power of 700 W) are needed.
This torch can be run without applying a gas flow to stabilize the arc discharge and a
large portion of microwave plasma can still be generated outside the cavity. Without a
gas flow, the torch module works the same as a surface gap spark plug, which produces
very small size seeding plasma near the bottom wall of the cavity. However, when the
microwave is introduced, sizable torch plasma with a height of about 15 mm and a
volume of about 3.5 cc outside of the cavity is generated as demonstrated in Fig. 3.7.1a.
Introducing very small airflow (about 0.315 I/s) through the torch module can
significantly increase the height (to about 25 mm) and the volume (to about 6 cc) of the
torch plasma. A photo of this enlarged torch is presented in Fig. 3.7.1b for comparison. It
is noted that in addition to the flow rate and microwave power, the size of this microwave
torch plasma depends also on the size of the exit hole on the cavity wall. By doubling the
diameter of the exit hole from 12.5 mm to 25 mm, the torch plasma can achieve a height
more than 60 mm outside the cavity. However, the microwave leakage also exceeds the
standard safety level, which is undesirable for a portable device. Further enlarging the
exit hole will only reduce the size and volume of the torch because of the degradation of

the Q-factor of the cavity.

Fig. 3.7.1. Microwave torches (a) without flow and (b) with very low airflow.
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The microwave-enhanced discharge increases the size, cycle energy, and duty
cycle of the torch plasma considerably. This torch can be run without introducing gas
flow to stabilize the arc and microwave discharges. Adding gas flow can increase not
only the size of the torch plasma but also its cycle energy, which reaches a plateau of
about 12 J/per cycle for gas flow rate exceeding 0.393 ¢/s. The electron density and
excitation temperature, and the composition of torch species are determined by emission
spectroscopy. It is shown that, at the bottom of the torch close to the cavity wall,
electrons distribute quite uniformly across the core of the torch with density and
excitation temperature determined to be about 7x10" cm™ and 8000 K, respectively. It is
also found that this torch produces an abundance of reactive atomic oxygen as evidenced

by the emission spectroscopy of the torch presented in Fig. 3.7.2.

f (l/sec)

Fig. 3.7.2 The dependency of relative intensities Iy of spectral lines - Fe I (385.991 nm), Cu I (809.263
nm), Cu II (766.47 nm), and O I (777.194 nm) at the location approximately 25 mm away from the nozzle
exit of the torch module, on the air-flow rate f.
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